The mechanical properties and deformation mechanisms of nano-polycrystalline (NPC) materials under tension are studied using molecular dynamics. The embedded atom method (EAM by Mishin et al. 1999 ) and the effective medium theory (EMT by Jacobsen et al. 1987 ) are adopted as the interatomic potentials of Al to investigate the influence of stacking fault energy (SFE) on the phenomena. The main difference between EAM and EMT potentials is that the latter underestimates the SFE of Al. Simulations using three different models are carried out to study the grain size dependence of the mechanical properties under different strain rate conditions. For all cases, the dependency of maximum stress on grain size can be expressed as an inverse Hall-Petch relation. This tendency is considered and may be directly explained by the volume effect of the grain boundary (GB). Both crystal slips and GB sliding are observed, but GB sliding is predominant in the small-grain model. Most of the crystal slips are caused by motion of perfect dislocation in EAM potential cases, but in EMT potential cases most of the crystal slips are caused by motion of Shockley's partial dislocation. Because the EMT potential underestimates the SFE, the core length of the extended dislocation is comparable to the grain size, and hence many stacking faults remain in grains. During the unique deformation process by partial dislocation movement, a strange rotation of grains is also observed. That is, the deformation mechanism of NPC materials is strongly influenced by the SFE. Another interesting deformation mechanism observed is the grain switching process. From the macroscopic viewpoint, this is quite similar to the switching mechanism proposed by Ashby and Verrall (1973) . However, there is a significant difference: in the present study both the GB migration and sliding are predominant but in Ashby and Verrall's study, the mechanism of switching is based on diffusion.
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Introduction
For polycrystalline materials, it is well known that their mechanical properties can be improved by grain attracted considerable attention in comparison with methods that improve mechanical properties by the addition of noble metals and so on because of its advantage of recycling. With advances in production techniques, we can produce nanocrystalline materials (1) the grain size of which is on the nanometer order by the mechanical milling method, the equal-channel angular pressing method (ECAP), the high-pressure torsion method (HPT) and the accumulative roll-bonding method (ARB) (2) . Nanocrystalline materials show some special properties such as grain-size softening, that is, the inverse HallPetch relation (3) , (4) and superplasticity under nonelevated temperatures and high strain rates (5) , that cannot be observed in coarse-grain polycrystals (6) . With the development of computational technology, large-scale atomic simulations can be performed (7) , (8) . As a result, we can analyze nanocrystalline models containing many grain boundaries and junction regions using the atomistic model directly, and the mechanical properties of nanocrystalline materials have been studied by molecular dynamics simulation (9) - (22) . Van Swygenhoven et al. have shown that a triple junction is the starting point of plastic deformation and stacking fault energy influences the intragranular deformation mechanism (18) . Also, Schiøtz et al. have reported that local grain boundary sliding governs the deformation of nanocrystalline materials and examined the influence of temperature, strain rate and internal structure, e.g., voids, on mechanical properties (19) . We have found that the main deformation mechanism is closely associated with crystal slips formed by partial dislocations that are followed by the generation of stacking faults in grains because the grain size and the distance between two partial dislocations in bulk are comparable, and we have also researched the deformation texture by grain rotation (20) . The effective medium theory for Al proposed by Jacobsen et al. (23) was used in our previous study and it can reproduce surface and grain boundary properties well without experimental values for the determination of function form and parameters, but we have found that the atomic potential underestimates the stacking fault energy of Al. In this study, we prepare three types of nanocrystalline Al model with different grain sizes. We employ two types of interatomic potential: one is expressed by Mishin's embedded atom method (24) which estimates stacking fault energy of Al well and the other is expressed by Jacobsen's effective medium theory. Using these models, we perform tensile deformation simulations by molecular dynamics to investigate the influence of stacking fault energy on the deformation mechanism of nanocrystalline materials.
Analysis Models and Methods

1 Elastic properties for atomic potentials
Elastic properties are examined by Mishin's (24) embedded atom method (EAM) for Al and Jacobsen's (23) effective medium theory (EMT) for Al. In this study, we call the former, EAM-M and the latter, EMT-J.
First, Born's elastic constants C 11 , C 12 and C 44 of each atomic potential for an face-centered-cubic (fcc) crystal at 0 K are estimated before the deformation simulation of nanocrystalline models. Next, using C 11 , C 12 and C 44 , macroscopic elastic constants E V and E R for a polycrystalline material with an isotropic and homogeneous structure are calculated using the Voigt model corresponding to constant stress deformation and the Reuss model corresponding to constant strain deformation (25) , respectively. E V and E R correspond to the upper and lower limits of the elastic modulus E for polycrystalline materials observed during the experiment, respectively.
2 Generalized stacking fault energy
An fcc crystal is divided into two parts by a (111) plane and one of the parts is relatively sliding in the 112 direction, which corresponds to the slip direction for a partial dislocation. Structural relaxation for the perpendicular direction to the slip plane is performed by the conjugate gradient method during the slide and then generalized stacking fault energy is estimated by calculating the energy per unit area for the sliding atomic planes (26) .
3 Analysis models and methods for nanocrystalline materials 3. 1 Setup of models
A computational unit cell with full periodic boundary conditions is divided into n G = n x n y n z parts. Here n G corresponds to the number of grains in the unit cell and n x , n y and n z denote the number of divided spaces in each direction. Each grain shape is determined by applying Voronoi's division to representative atoms that are positioned in the center of each part. Fcc unit lattices for Al with random orientation are placed in each grain space. In this study, three models the n G -(n x ,n y ,n z ) values of which are respectively 48-(4,4,3), 125-(5,5,5) and 216- (6, 6, 6) are prepared, which are called Model 1, Model 2 and Model 3, respectively. The total numbers of atoms are 551 011, 595 200 and 583 730, respectively. The relaxation of each model is carried out for 50 ps at a constant temperature of 300 K and a constant stress of 0 GPa. Two types of interatomic potential are adopted for each model, then six specimens are fabricated as shown in Table 1 .
3. 2 Elastic modulus
The components of an elastic matrix [E] , which determines the relationship between stress {σ} = (σ x ,σ y ,σ z ,τ yz ,τ zx ,τ xy )
T and strain {ε} = (ε x ,ε y ,ε z ,γ yz ,γ zx ,γ xy )
T , are estimated as components of Born's elastic tensors by using a relaxed atomic configuration for each specimen. Next, the components of 33 for each specimen are estimated.
3. 3 Conditions of tensile deformation
Uniaxial tensile deformation tests are performed as follows. The cell length in the tensile direction is increased by l z ∆ε every 320 fs. Here, l z and ∆ε correspond to the initial z directional cell length and the increment of strain, respectively. In this study, three conditions (I), (II) and (III) are used whose ∆ε values are 4×10 −3 , 1×10 −3 and 4×10 −4 and strain rates are 1.250 × 10 10 , 3.125 × 10 9 , and 1.250 × 10 9 , respectively. Cell lengths for the perpendicular to the tensile direction are controlled to keep the stress σ xx , σ yy zero using the Parrinello-Rahman algorithm (27) . Figure 1 shows generalized stacking fault curves (26) determined by EMT-J and EAM-M and also shows that determined by the density functional theory of Hartford (28) . We can confirm that EAM-M estimates the stacking fault energy of aluminum well, but EMT-J underestimates that energy. Moreover, the unstable stacking fault energy γ us determined by EMT-J is smaller than that determined by EAM-M or by the density functional theory. Table 2 shows the lattice constant a 0 , cohesive energy E 0 , bulk modulus B, elastic constants C 11 , C 12 and C 44 , stacking fault energy γ SF in comparison with the experimental values, and also shows the macroscopic elastic moduli E V determined by the Voigt model and E R by the Reuss model. Although EMT-J overestimates elastic constants C 12 and C 44 by approximately 30%, the predictions using two interatomic potentials agree well with the experimental values of Al except for the stacking fault energy as shown in Fig. 1 and Table 2 . The relationships between grain boundary energy and grain boundary misorientation angle determined by EAM-M and EMT-J are almost the same (29) . As a result, the stacking fault's influence on the deformation mechanism of nanocrystalline materials can be investigated by performing deformation simulations of nanocrystalline models by EMT-J and EAM-M. Table 3 shows the average cell length, average grain size d G estimated using (V/n G ) 1/3 , the fraction of defect atoms f GB and elastic moduli E x , E y and E z . Figure 2 shows the atomic configurations of specimens 1A, 2A and 3A after relaxation. Atomic local structures are classified into fcc, hexagonal-closed-packed (hcp) and defect structures by the common neighbor analysis (CNA) (32) , (33) . Light gray, middle gray and dark gray atoms correspond to atoms in local fcc, defect and hcp structures, respectively. The atomic configurations of specimens 1B, 2B and 3B are almost the same as those shown in Fig. 2 , though the fraction of hcp atoms is slightly larger than those of specimens 1A to 3A. To investigate how crystals are deformed by dislocations, the distribution of hcp atoms and the fraction of hcp atoms are examined because the atomic structure of the stacking fault between two partial dislocations is hcp.
Results and Discussion
1 Generalized stacking fault curves
2 Mechanical properties of nanocrystalline materials 2. 1 Structural and mechanical properties
As shown in Table 2 , the fraction of defect atoms increases with decreasing grain size, and the fractions of defect atoms of the same grain size, e.g., specimen 1A and specimen 1B, are almost the same. All the elastic moduli show nearly the same values and elastic tensors C i jkl have been confirmed to be isotropic; thus, all the specimens can be interpreted to exhibit macroscopic isotropy. Born's elastic tensor is calculated by assuming that the local atomic strain gradient is uniform, so this concept is almost the same as that of the Voigt method. As grain size decreases, the elastic modulus E i becomes smaller than that determined by the Voigt method E V . This is due to the fact that E V is estimated not taking the grain boundary effect into account, that is, the volume effect of the grain boundary region cannot be neglected as grain size decreases. Consequently there is no significant difference in structure between specimens with the same grain size determined by EAM-M and EMT-J under the predeformation state.
3. 2. 2 Stress-strain curves a. Grain size and strain rate dependences Figure 3 shows stress-strain curves for each specimen under conditions (I), (II) and (III). The slope of each curve at the beginning of deformation shows almost the same value as the elastic moduli shown in Table 3 . Each slope gradually decreases as strain increases. This tendency is notably observed for small grain sizes, and the same tendency is also observed for maximum stress and flow stress. Moreover, the strain rate dependences of maximum stress and flow stress can be observed. The nonlinearity of stress-strain curves before maximum stress is not caused by atomic potential properties but by localized plastic deformation mainly in the grain boundary region. b. Relationships among grain size, the fraction of defect atoms and strength Figure 4 (4) , (6), (34) . Figure 4 (b) shows the relationship between σ max and the fraction of defect atoms f GB at its initial state. This relationship shows the same tendency as that in Fig. 4 (a) . In our previous study, the following equation was derived (29) .
Here b GB denotes grain boundary thickness. Figure 5 shows the relationship between f GB and (d GB /b GB ) −1/2 .
The arrows in Fig. 5 correspond to the f GB of each specimen. The relationship between f GB and (d G /b GB ) −1/2 for the grain size range in this study is almost linear. The reason the inverse Hall-Petch relation occurs in nanocrystalline materials has not been fully clarified yet. There have been some studies on the grain size dependence of strength that take into account the relationship between grain size and the fraction of defect volume (35) , (36) . The results obtained from this study show that the inverse Hall-Petch relation can be interpreted to be caused by the linear relationship between f GB and Figure 6 shows atomic configurations for the cross sections of specimens 1A, 1B, 3A and 3B at their initial state and at a strain of 0.08 under condition (III). Light gray, middle gray and dark gray atoms correspond to the local fcc, defect and hcp structures classified by CNA, respectively. Many stacking faults in the grains of specimens 1B and 3B with a low stacking fault energy can be observed. In previous experiments, stacking faults through a nanocrystal grain have been observed in Pd and Au with a low stacking fault energy (37) - (39) . Figure 7 shows the configurations of the atoms colored depending on equivalent strain (20) for the deformed structure at a strain of 0.08. Dark colored atoms correspond to atoms with a large equivalent strain. Some dark colored atoms can be observed in grains as shown in Fig. 7 (a) , but there are no defects in the same grain as shown in Fig. 6 (a) . This implies that the grain is deformed by a perfect dislocation. On the other hand, in specimens 3A and 3B, almost all the atoms in the grain boundary region show a large equivalent strain. This implies that specimens 3A and 3B are deformed by grain boundary activation rather than by crystal slips. b. Increase in the number of stacking faults under tensile deformation Figure 8 shows the fraction of hcp atoms in specimens 1A, 1B, 3A and 3B under condition (III). At the initial state, the number of hcp atoms in specimen 1B or 3B is larger than that in specimen 1A or 3A, respectively, and the fraction of hcp atoms increases as grain size decreases. The fraction of hcp atoms remains constant up to near maximum stress, and the fraction of hcp atoms in specimen 1B or 3B with a low stacking fault energy increases gradually with increasing strain. In the case of EAM-M, the number of hcp atoms in specimen 1A or 3A does not change clearly as deformation increases. Consequently stacking fault energy strongly influences the deformation mechanism and internal structure of nanocrys- Fig. 8 Fraction of hcp atomic structure talline materials, that is, in the case of a high stacking fault energy, crystal grains are deformed by perfect dislocations and no defects remain in the grain; on the other hand, in the case of a low stacking fault energy, crystal grains are deformed by partial dislocations and many stacking faults remain in the grain. We also confirm that grain boundary deformation becomes dominant in the deformation mechanism rather than dislocation deformation, with decreasing grain size.
3 Deformation mechanism of nanocrystalline materials under tensile loading 1 Stacking fault energy's influence on deformation mechanism a. Intragranular and intergranular deformations
The characteristic deformation mechanism of nanocrystalline materials with a high or low stacking fault energy is shown in the following sections. Figure 9 shows the atomic configuration of a grain of specimen 1B under condition (I) and Fig. 10 shows the path of the tensile axis in the unit triangle of the grain. We can observe that there are many stacking faults created by partial dislocations in the grain as shown in Fig. 9 (a) and then a deformation twin is created by partial dislocations on the plane next to the stacking faults as shown in Fig. 9 (b) . The tensile axis moves toward [211] by crystal rotation caused by partial dislocation movement as deformation increases, but the tensile axis suddenly appears in the broken circle in Fig. 10 by the generation of deformation twins. It is observed that the width of the deformation twin decreases, as shown in Fig. 9 (c) . This is because the equivalent deformation as a perfect dislocation occurs due to the generation of a trailing partial dislocation which is made up of a pair of the leading preslipped partial dislocations. Some mechanisms are required to accommodate a geometrical misfit near the grain boundary caused by crystal deformation by crystal slip and rotation in polycrystalline materials, hence deformation in a grain boundary region and its junction which are rich in nanocrystalline materials plays an important role in the accommodation mechanism.
2 Crystal slip and rotation by partial dislocation (a case of low stacking fault energy)
3. 3. 3 Grain boundary sliding and grain switching (a case of high stacking fault energy) Figure 11 shows the atomic configuration of a cross section of specimen 1A under condition (III) where extensive grain boundary sliding can be observed. In addition to the atomic colors by CNA, two-tone lateral stripes are marked at the initial state for better understanding of the change of structure in the vicinity of the grain boundary. Closed circles in crystal grains α, β, γ and δ are calculated by averaging five atomic positions near the center of each grain to clear the movement of each grain. Gaps of lateral patterns in the vicinity of the grain boundary can be confirmed in Fig. 11 , thus grain boundary sliding occurs (29) . There are no significant gaps in specimen 1B, hence the crystal slip deformation of specimen 1B occurs more easily than that of specimen 1A because the ideal shear strength of EAM-M is larger than that of EMT-J.
In this paragraph, details regarding the deformation mechanism shown in Fig. 11 are considered. The relationship between the positions of crystal grains changes as deformation increases. At the initial state, grains α and β are not adjacent, and grains δ and γ are adjacent with the grain boundary vertical to the tensile direction. Next the pattern of the grain boundary region formed by each grain forms an "X" with increasing strain as shown in Fig. 11 (c) , and then grains α and β approach each other and grains δ and γ separate from each other. This deformation mechanism corresponds well to the switching mechanism proposed by Ashby and Verrall (40) . This switching model enables large deformation whilst maintaining the physical properties of Fig. 13 (b) denote the grain boundary position at ε = 0.25 and open and solid circles denote the center of the grain defined at the initial state and at ε = 0.25, respectively. The relationship between the original grains' positions does not change after deformation and each original grain deforms uniformly from the macroscopic point of view. Consequently, this grain switching mechanism as shown in Fig. 11 occurs mainly by grain boundary migration and grain boundary sliding in comparison with the diffusion process proposed by Ashby and Verrall, hence the switching mechanism can easily occur in nanocrystalline materials because the shape of the nanocrystal grain can easily be changed by grain boundary migration.
Conclusions
The grain size dependences of the mechanical properties and deformation mechanism of nanocrystalline materials under tensile loading are studied by molecular dynamics simulation. To investigate the stacking fault energy's influence, the effective medium theory and the embedded atom method, which reproduce different stacking fault energies for Al, are adopted to express nanocrystalline models with three different grain sizes. Our results are as follows.
( 1 ) The grain size dependence of strength of nanocrystalline materials shows the inverse Hall-Petch relation. This grain-size softening is caused by the volume effect of the grain boundary region, hence the mechanical properties of the grain boundary strongly govern the macroscopic strength of nanocrystalline materials.
( 2 ) Grain boundary thickness cannot be neglected for grain size on the nanometer order, hence nanocrystalline materials can easily deform in the grain boundary region rather than in the crystal region.
( 3 ) In the case of nanocrystalline materials with a high stacking fault energy determined by the embedded atom method, each grain is deformed by perfect dislocations consisting of two partial dislocations and almost no defects are observed in grains and the main deformation mechanism is grain boundary sliding. On the other hand, in the case of nanocrystalline materials with a low stacking fault energy determined by the effective medium theory, each grain is deformed by partial dislocations and many stacking fault planes remains after crystal slip. Consequently, the relationship between grain size and the distance between two partial dislocations changes the crystal slip mechanism and influences the internal structure of the crystal grains, thus stacking fault energy is one of the most important factors for the deformation mechanism of nanocrystalline materials.
( 4 ) The grain boundary region can accommodate geometrical misfits at an interface by grain boundary slid-ing and grain deformation because the fraction of the grain boundary region is quite large for coarse grain materials and the distance between grain boundary junctions is very small in nanocrystalline materials. As a result, nanocrystalline materials can deform largely without voids and cracks at an interface by the accommodation mechanism at grain boundary regions.
